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® Process for producing graphite whiskers, 

@ There is provided a process for producing 
graphite whiskers by supplying a carbon source 
compound with a carrier gas into a heating zone in a 
reactor and decomposing the carbon source com- 
pound in a gas phase in the presence of a catalyst, 
characterized in that the catalyst comprises ultrafine 
particles of a transition metal which have been ob- 
tained by the gas-phase thermal decomposition of a 
carbonyl compound of a transition metal in the pres- 

CNIence of at lest one organic compound containing 

^oxygen and/or sulfur. 
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PROCESS FOR PRODUCING GRAPHITE WHISKERS 



BACKGROUND OF THE INVENTION 



This invention relates to a process for produc- 
ing carbon fibers (graphite whiskers). More specifi- 5 
cally. this invention relates to a process for produc- 
ing graphite whiskers by the gas-phase thermal 
decomposition of a carbon source conripound using 
as a catalyst ultrafine particles of a transition metal 
prepared in a specific manner. w 

As reported in "New Developments in Applied 
Carbon Techniques", CMC. page 13. Morimichi 
Endo. and "Catalytic Growth of Carbon RIaments", 
R.T.K. Baker, Carbon. Vol. 27, No.3. 315 (1989). for 
instance, the gas-phase process for the production is 
of graphite whiskers generally comprises supplying 
a gas of a carbon source compound together with 
ultrafine transition metal particles as a catalyst hav- 
ing a particle size of 0.5 to 0.001 um into a heating 
zone and decomposing the carbon source com- 20 
pound to produce carbon fibers in the form of 
whiskers. 

Specific examples of such a process ^are dis- 
closed in Japanese Patent Kokai (Laid-Open) Pub- 
lication No. 52-103528, Japanese Patent Pubiica- 25 
tion No. 53-7538. Japanese Patent Kokai Publica- 
tion No. 57-117622, Japanese Patent Kokai Pub- 
lication No. 61-136992 (EP-A 184317. U.S. Pat. 
4663230) and so on. Japanese Patent Kokai Pub- 
lication No. 61-136992. for instance, proposes a 30 
gas-phase process for producing carbon fibers us- 
ing as a catalyst ultrafine iron particles which have 
been obtained by feeding a gas of Fe(C0)5 into a 
reactor and decomposing the same. 

Carbon fibers produced by these gas-phase 35 
processes are characterized by their higher crystal- 
linity (graphitic nature) and taking a more whiskery 
morphology in comparison with carbon fibers usu- 
ally based on PAN and pitch, and are thus ex- 
pected to be applied to highly rigid structural ma- 40 
terials. high-performance materials and so on, to 
which conventional carbon fibers have not yet been 
applied. 

The properties of the carbon fibers produced 
by the gas-phase methods. e.g.. their 45 
physicochemicai properties such as crystallinity 
and rigidity as well as their morphological prop- 
ertres such as whiskers' length and thickness de- 
pend upon the reaction conditions, types of carbon 
sources and other factors. In particular, the length so 
and thickness of whiskers correlate with. Inter alia, 
the size and shap and these distribution of the 
catalyst particles used and so depend largely 
thereon. 

In order to produce graphite whiskers of uni- 



form length and thickness and having a sharp 
particle size distribution, it is required to use a 
catalyst of uniform particle size and shape as well 
as a sharp particle size distribution. 

So far as the present inventors know, however, 
graphite whiskers obtained with the use of such a 
catalyst as disclosed in the above described prior 
art are so uneven in their length and thickness and 
so broad in their particle size distribution that there 
are problems with such graphite whiskers in their 
applications as described above. There is therefore 
left much to be desired in this respect. 



SUMMARY OF THE INVENTION 



In view of the state of the art as mentioned 
above, the present inventors have made intensive 
and extensive studies of an improved gas-phase 
process for producing graphite whiskers, and finally 
accomplished the present invention. 

Thus, the present invention provides a process 
for producing graphite whiskers by supplying a 
carbon source compound with a carrier gas into a 
heating zone in a reactor and decomposing the 
carbon source compound in a gas phase in the 
presence of a catalyst, characterized in that the 
catalyst comprises ultrafine particles of a transition 
metal which have been obtained by the gas- phase 
thermal decomposition of a carbonyl compound of 
a transition metal in the presence of at least one 
organic compound containing oxygen and/or sulfur. 

According to the gas-phase process of the 
present invention, the resulting graphite whiskers 
have uniform length and thickness and have a 
sharp particle size distribution. 

Accordingly* the graphite whiskers produced 
by the process of the present invention are ad- 
vantageously used, for example, as fillers in high- 
performance composite materials, for various func- 
tional materials in electronic material fields, etc. 

BRIEF DESCRIPTION OF THE DRAWINGS 



Rgure 1 is an electron micrograph showing 
the shape of the graphite whiskers obtained in 
Example 1, and 

Rgure 2 is an electron micrograph showing 
the shape of the graphite whiskers obtained in 
Comparative Example 1. 

DETAILED DESCRIPTION OF THE INVENTION 
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Transition metal ultrafine particles 

The ultrafine particles of a transition metal used 
as a catalyst In the process of the present invention 
are obtained by the gas-phase thermal decomposi- 
tion of a carbonyl compound of a transition metal in 
the presence of at least one compound containing 
oxygen and/or sulfur. 

Specifically, a carbonyi compound of a transi- 
tion metal and an organic compound containing 
oxygen and/or sulfur are supplied with a diluent 
gas such as an inert gas (e.g.. argon, nitrogen, 
helium, hydrogen or carbon monoxide) into a heat- 
ing zone in, for example, a flow-type reactor to 
carry out thermal decomposition. As a diluent gas, 
use may be made of any gas which can attain the 
object to be desired. Thus, other- than the above 
exemplified gases or a mixed gas of these, use 
may be made of a mixed gas of these with other 
gases such as methane gas. 

The carbonyl compounds of transition metals 
usable in the present invention are not critical pro- 
vided that they are carbonyl complexes of transi- 
tion metal elements such as Fe, Ni, Co. W and Cr. 
Preferable examples are Fe(CO)s. fe(CO)g, Ni- 
{C0)4. Co(NO){CO)3. Co2(CO)a. W(C0)6. Mo(CO)6 
and Cr(C0)6 or mixtures thereof. Particular pref- 
erence is given to Fe(C0)5 and Ni(CO)i or their 
mixture. 

The oxygen-containing organic compounds us- 
able in the present inventior^ may be any organic 
compound which contains at least one oxygen 
atom in the molecule. Specific examples are al- 
cohols, esters, ketones and ethers. In .order for 
such compounds to readily take a form of , gas 
under thermal decomposition conditions, they 
should preferably have a relatively low molecular 
weight or a relatively small number of carbon 
atoms. 

The alcohols {inclusive of sllanols) to be used 
may be a saturated aliphatic alcohol (preferably 
having 1-10 carbon atoms), an alicyclic alcohol 
(preferably of a three-six membered ring having 4- 
10 carbon atoms) or an aromatic alcohol preferably 
having 6-10 carbon atoms). Use may be made of 
not only monovalent but also polyvalent alcohols. 
Specific examples are methyl alcohol, ethyl al- 
cohol, propyl alcohol, butyl alcohol, octyi alcohol, 
trimethyl alcohol and ethylene glycoL 

The esters are preferably those of such al- 
cohols as mentioned above and monovalent or 
polyvalent, preferably monovalent or divalent, most 
preferably monovalent carboxylic acids. Specific 
examples of such esters are benzoates, ethyl ac - 
tate and butyl butyrate. 



The ketones preferably have 3-10 carbon 
atoms and may include, for example, acetone, 
diethyl ketone, methyl ethyl ketone and methyl 
propyl ketone. 

5 The ethers preferably have 2-10 carbon atoms 

and may include, for example, diethyl ether, 
tetrahydrofuran and dibutyl ether. 

Among these oxygen-containing organic com- 
pounds, preference is given to alcohols in view of 

70 obtaining ultrafine metal particles of uniform par- 
ticle size, as desired in the present invention, inter 
alia, to monovalent alcohols having about 1-8 car- 
bon atoms- 

The sulfur-containing organic compounds us- 
15 able in the present invention may be any organic 
compound which contains at least one sulfur atom 
in the molecule, and may specifically include, for 
example, mercaptans and thioethers. In order for 
these compounds to readily take a form of gas 
20 under thermal decomposition conditions, they 
should preferably have a relatively low molecular 
weight or a relatively small number of carbon 
atoms. 

The mercaptans preferably have 1-10 carbon 
25 atoms and may specifically include, for example, 
methanethiol. ethanethiol. n-propanethlol. n- 
butanethiol. n-pentanethiol and n-hexanethiol. 

The thioethers preferably have 2-8 carbon 
atoms and may specifically include, for example. 
30 methylthiomethane. . ethylthiom ethane. butyl- 
thiomethane. propylthiomethane. ethylthioethane, 
propytthioethane and butylthioethane. 

Among these sulfur-containing organic com- 
pounds, especially preferred are mercaptans hav- 
35 ing 1-6 carbon atoms. 

In the present invention, both the oxygen-con- 
taining and sulfur-containing organic compounds 
may be used at the same time, provided that their 
total amount is in such a range as will be described 
40 later. 

In the present invention, an organic compound 
containing in the moledule an oxygen atom and a 
sulfur atom at the same time may also be used. 
The- amount of the transition metal carbonyl 
45 compound used should preferably be 3% by vol- 
ume or less relative to the diluent gas such as an 
inert gas. 

' The amount of the organic compound contain- 
ing oxygen and/or sulfur is in a range of, in molar 

50 ratio, preferably 0.0001 to 0.1. more preferably 
0.001 to 0.05 relative to the transition metal car- 
boxyl compound. At a molar ratio exceeding 0.1. 
oxides are formed in the reaction product, thus 
giving rise to a lowering of the catalytic activity. 

55 The molar ratio of less than 0.0001 will not produce 
the intended effect. 

The thermal decomposition may be carried out 
at a temperature of 300 to 1000* C. preferably 400 
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to 700 'C for a residence time of 5 seconds or 
less, preferably 2 seconds or less, in reaction 
system. A temperature higher than 1000 C is un- 
preferred because the particle size distribution of 
the resulting metal particles becomes broader due s 
to occurrence of the agglomerative growth of the 
metal particles. A temperature lower than 300 C is 
again unpreferred because of the particle size be- 
coming larger than desired. 

The ultrafine transition metal particles obtained w 
by such a method as described hereinabove are in 
the form of spherical particles having a particle size 
ranging from 0.001 am to 0.5 urn and a very sharp 
particle size distribution. By properly selecting the 
reaction conditions, it is possible to obtain spherical ;5 
particles having a particle size ranging from 0.05 
ULm to 0.1 um and a yet sharper particle size 
distribution, which are more preferred for the cata- 
lyst according to the present invention. 

The oxygen-containing and sulfur-containing so 
organic compounds may be added to the reaction 
system in any suitable manner. However, it is pre- 
ferred that prior to entering into the heating zone, 
they are previously mixed with a gas mixture of the 
transition metal carbonyl compound and the diluent 25 
gas such as an inert gas. 

Production of graphite whiskers 

30 

. The process for producing graphite whiskers 
according to the. present invention is substantially 
similar to the known gas-phase /processes as de- 
scribed in the aforesaid publications except that the 
catalyst obtained by the above described specific 35 
process is used and proper modifications of the 
reaction conditions may be made due to the use of 
such catalyst. 

Thus, a carbon source compound diluted with 
a carrier gas is introduced into a reactor heated to 4o 
a given temperature, in which it is brought in con- 
tact with the above catalyst so as to produce 
graphite whiskers. 

As the carbon source compound, relatively low- 
boiling hydrocarbons such as carbon monoxide, 45 
methane, ethane, benzene and toluene are prefer- 
ably used. As the carrier gases, use may be made 
of, e.g., hydrogen and/or an inert gas such as 
argon or nitrogen, but preference is given to hy- 
drogen, so 

The catalyst may be added to the reaction 
system in any suitable manner that allows it to 
come in contact with the gas of the carbon sourc 
compound. In a preferred manner, the catalyst par- 
ticles are dispersed over the surface of a substrate 55 
such as a reactor wall or they are supplied in the 
reactor while being suspended in the carrier gas. 

The temperature of the reaction zone is in a 



range of 400 to 1200'C, preferably 500 to 

1000' C. 

According to the present invention, It is possi- 
ble to produce graphite whiskers having a diameter 
and length controlled to the respective ranges of 
0.2 to 2 tim and 5 to 100 pm by properly selecting 
the reaction conditions. 

The examples that follows are given to illus- 
trate some embodiments of the present invention 
without implying any limitation. 

Example 1 



Preparation of catalyst 

Quartz wool was packed at a thickness of 1 cm 
in the middle of a reaction tube of 27 mm in inner 
diameter and 1 m in length. Then a gas mixture of 
1.5% by volume of Fe(CO)s and 0.01% by volume 
of n-butyl alcohol, diluted with nitrogen, was intro- 
duced into the reaction tube, and gas-phase ther- 
mal decomposition reaction was carried out at a 
temperature of 450 *C for a residence time of 0.8 
second, thereby depositing ultrafine iron catalyst 
particles on the quartz wool and on the tube wall. 

The ultrafine iron particles thus obtained were 
in the form of ultrafine spherical particles having a 
mean particle size of 0.04 um and having a sharp 
particle size distribution. 



Preparation of graphite whiskers 

A water gas (CO/H2 molar ratio = 1) as a 
carbon source and also as a carrier gas was 
passed through the reaction tube deposited with 
the above ultrafine iron catalyst particles at a gas 
flow rate of 0.5 m^/hour and a reaction temperature 
of 600 *C for 10 minutes to carry out reaction for 
the formation of graphite whiskers. 

The graphite whiskers thus obtained had a 
mean diameter of 0.2 um. a mean length of 10 um 
and a very sharp particle size distribution. Figure 1 
is an electron micrograph showing the shape of the 
obtained graphite whisker fibers at a 10.000 x 
magnification. 

Comparative Example 1 



Preparation of catalyst 

To prepare ultrafine iron catalyst particles. Ex- 
ample 1 was repeated except that no n-butyl al- 
cohol was added. 
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The resulting ultrafine iron particles were so 
uneven in their particle size that it had a broad 
particle size distribution; although they had a mean 
diameter of as low as 0.06 um. 



Preparation of graphite whiskers 



In the reaction tube deposited with the above 
ultrafine iron catalyst particles, reaction for the for- 
mation of graphite whiskers was carried out in the 
same manner as in Ex. 1.. 

The graphite whiskers thus formed were found 
to be badly uneven in their mean diameter and 
length. Figure 2 is an electron micrograph showing 
the shape of the obtained graphite whiskers at a 
10,000 X magnification. 



Example 2 

To prepare ultrafine iron catalyst particles, Ex- 
ample 1 was repeated except that 0.005% by vol- 
ume of methanethiol was used in place of n-butyl 
alcohol, thereby depositing ultrafine iron particles 
on the quartz wool and on the wail of the reaction 
tube. 

The ultrafine iron particles thus formed were in 
the form of ultrafine spherical particles having a 
mean diameter of 0.03 um and a very sharp par- 
ticle size distribution. 

Graphite whiskers were prepared with the 
above catalyst in the same manner as in Ex. 1 . The 
obtained graphite whiskers /had a mean particle 
size of 0.15 um, a mean length of 10 um and a 
very sharp particle size distribution. 



Claims 

1. A process for producing graphite whiskers 
by supplying a carbon source compound with a 
carrier gas into a heating zone in a reactor and 
decomposing said carbon source compound in a 
gas phase in the presence of a catalyst, character- 
ized in that the catalyst comprises ultrafine par- 
ticles of a transition metal which have been ob- 
tained by the gas-phase thermal decomposition of 
a carbonyl compound of a transition metal in the 
presence of at lest one organic compound contain- 
ing oxygen and/or sulfur. 

2. The process according to claim 1. wherein 
the organic compound containing oxygen and/or 
sulfur is selected from the group consisting of 
alcohols, esters, ketones, ethers, mercaptans, 
thioethers and mixtures thereof. 

3. The process according to claim 1 or 2, 
wherein the amount of the organic compound con- 



taining oxygen and/or sulfur is 0.0001 to 0.1 mol 
%, inter alia, 0.001 to 0.05 mol % with respect to 
the carbonyl compound of a transition metal. 

4. The process according to any one of the 
5 preceding claims, wherein the gas-phase thermal 

decomposition of said carbonyl compound is car- 
ried out at a temperature of 300 to 1000 'C. inter 
alia. 400 to 700 *C. 

5. The process according to any one of the 
w preceding claims, wherein the gas-phase thermal 

decomposition of said carbonyl compound is car- 
ried out for a residence time of 5 seconds or less. 
inter alia, 2 seconds or less, in a reaction system. 

6. The process according to any one of the 
15 preceding claims, wherein the ultrafine particle of a 

transition metal have a particle size of 0.001 to 0,5 
urn, inter alia, 0.05 to 0.1 um. 
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pound in a gas phase in the presence of a catalyst, 
characterized in that the catalyst comprises ultrafine 
particles of a transition metal which have been ob- 
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